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Available online xxxxHalloysite deposits in Argentina have been identiﬁed in the province of Río Negro (Patagonia). The mineralized
area occurs as altered zones in Eocene volcanic–pyroclastic rocks, dacitic to rhyolitic in composition. A compre-
hensive study of these deposits was carried out by means of mineralogical, geochemical and isotopic analyses.
Intenseweathering has transformed thewhole rock to awhitemass composed of 75% –90% halloysite+ kaolinite,
with cristobalite, tridymite, and quartz, as the main non-clay minerals. Ferruginous beidellite and titanium min-
erals are also present in minor amounts.
The halloysite–kaolinite ratio ranges from 75 to 25 to 100–0. Due to the alteration of very dense rocks, halloysite
morphology is predominantly spheroidal. Tubular halloysite is the main constituent in more porous rocks, but
the latter are scarce in the area.
Because of the predominance of the spheroidal type, the use of halloysite as HNT (halloysite nanotube) is not fea-
sible. Nonetheless, this mineral can be modiﬁed by different organic molecules, and used to remove pollutants
such as emulsiﬁed hydrocarbons and heavy metals. A special product made with this halloysite is used as sun-
screen when sprayed on fruits in areas of intense solar radiation. The whiteness of this mineral is not very high
due to the amount of titanium oxide present in its composition (about 1%). Nevertheless, titanium oxide is
present as individual particles, so it could be removed by a mechanical process.
New applications for spheroidal halloysite are currently being investigated. Moreover, depending on the price
and demand, the tubular halloysite of low grade deposits could be exploited.
© 2016 Elsevier B.V. All rights reserved.Keywords:
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Halloysite is deﬁned by the presence or evidence of past occurrence of
interlayer water in a mineral with a kaolin-type structure (Churchman
and Carr, 1975). Halloysite and kaolinite have identical chemical
composition, being composed of aluminosilicate layers comprising
Al2Si2O5(OH)4, except that halloysitemayhave asmany as twomolecules
of H2O, as interlayer water, for each Al2Si2O5(OH)4 (Churchman et al.,
2010). The content of additionalwater in the interlayers has a decisive in-
ﬂuence upon its crystalmorphology,which is generally curled rather than
platy as in kaolinite. Common forms are elongated tubes and spheroids.
The tubular morphology makes this mineral attractive as specialty
clay, in fact a trademark product called HNT has been released. Unfortu-
nately, the large deposits from which pure tubular halloysite can beateriales y cerámica, CETMIC,
rgentina.
ro).
pheroidal halloysites from Pa
016/j.clay.2016.01.011economically extracted are comparatively rare (Keeling, 2015). Only
two high grade deposits are known: one in Northland, New Zealand,
from weathered rhyolite, and the other in the Tintic district of Utah,
United States of America, from hydrothermal clay masses replacing do-
lomite. Smaller or lower grade deposits occur in Japan, Korea, China,
Thailand, Indonesia, Australia, South America, and Europe.
In Argentina, small and low grade deposits are located in the area of
Mamil Choique and Buitrera, Patagonia, Argentina (Cravero et al., 2009,
2012). In Mamil Choique, the deposits are not small but spheroids pre-
dominate over tubes, whereas in Buitrera, the deposit is small and
tubes predominate over spheroids. Mamil Choique and Buitrera are
50 kmapart in aW–Edirection in a similar geological environment. In be-
tween, there are several localities where the rocks are also altered to
halloysite. The extension of the alteration, the high halloysite/rock ratio,
not common in this type of deposit, and the formation of halloysite rather
than kaolinite in different rocks at the same time andwith differentmor-
phologiesmake these areas of interest to contribute to the understanding
of the formation conditions of halloysite (Cravero et al., 2012).tagonia, Argentina: Some aspects of their formation and applications,
2 F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxTaking into consideration that spheroids are the predominant
morphology, some attempts were made in order to determine possible
applications of these halloysites (Fernández et al., 2009a, 2009b, 2013,
2015).
This work contributes to clarifying the supergenic or hypogenic ori-
gin of halloysite, and is intended to present possible applications of the
actually mined area. To carry on this study, XRD, DTA-TG, chemical and
isotopic analyses, petrography, surface chemical modiﬁcations, and
technological measurements were all used.
2. Materials and methods
Past detailed studies on different parts of Mamil Choique and
Buitrera deposits demonstrated that the mineralogy in the Mamil
Choique deposits comprises halloysite, kaolinite, with impurities such
as tridymite, cristobalite, quartz, iron-rich beidellites, and iron oxides.
In Buitrera, halloysite, along with cristobalite and tridymite, is the
main component (Cravero et al., 2009, 2012, 2014a).
To determine the mineralogical and chemical variations of the al-
tered areas, samples were collected along all the fronts of exploitation
in the mined area (Pama), in all the other deposits nearby Pama
(Rosas, San Martín, Santiago, Urquiza) as well as in the different small
deposits (Meliqueo, Alfa) located in between Mamil Choique and
Buitrera.
To evaluate the industrial application of the biggest deposit (Pama),
a composite whole rock sample (Comp Sample), obtained by blending
samples from different exploitation fronts, was homogenized and
ground as the material that is currently commercialized. This material
was subdivided into subsamples to be characterized by different
methods. The mineralogy as well as chemical composition were deter-
mined on the obtained samples.
The mineralogy was ascertained through a combination of X-Ray
diffraction (XRD), Scanning and Trasmition Electron Microscopes
(SEM and TEM) analyses. XRD was performed on a whole sample, and
the mineral content was evaluated with the computer program
SIROQUANT. Oriented sampleswere analyzed before and after formam-
ide intercalation, and the halloysite/kaolinite ratio was determined
(Churchman et al., 1984). Halloysite morphology was evaluated by
SEM and TEM.
Chemical analyses for major and minor elements, as well as oxygen
and hydrogen isotopic composition, were performed by Inductevely
Coupled Plasma (ICP) at Activation Laboratories Ltd. (Actlabs, Canada).
The latter is shown as deviation relative to SMOW‰, and the reproduc-
ibility of the results is greater than 0.5‰–10‰ or H. Grain size distribu-
tion was measured with a Micromeritics sedigraph, Sedi-Graph 5000,
and ceramic evaluation was made at Instituto Nacional del Tecnología
Industrial (National Institute for Industrial Technology, INTI) labs in
Buenos Aires city.
The Comp Sample was modiﬁed with different organic compounds
to obtain a product able to extract metallic elements from
suspensions. The chemical composition was determined by X-Ray Fluo-
rescence (XRF) with a dispersive energy spectrometer, Shimadzu
800HS, using the method of fundamental parameters, and Infra Red
Spectrometry (IR) was performed with a Lumex FT08. Differential
Thermal Analysis and Thermogravimetric (DTA and -TG) analyses
were performed in a Rigaku Evo II Series TG8120 device at a heating
rate of 10 °C/min from room temperature up to 1000 °C under O2
atmosphere.
3. Results and discussion
3.1. Alteration
3.1.1. Characterization
Large and small “pockets” of rocks altered to halloysite are found
along a 50 km area in a W–E direction, but no structural control hasPlease cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011been detected (Fig. 1). In Mamil Choique, these pockets (Fig. 2) are ac-
tually the different deposits and are normally ﬂanked by fresh rocks.
The altered zones are mainly composed of halloysite or kaolinite, with
variable amounts of tridymite-cristobalite, quartz, feldspars, and traces
of smectite (Fig. 3, Table 1).
Halloysite is foundwhen the source is a pyroclastic rock, as in almost
all the deposits in Mamil Choique, Meliqueo, Alfa and Buitrera. Cravero
et al. (2012) indicated that probably waters circulating towards small
basins ﬁlled with these rocks (thus giving the current pocket shape of
the deposits) came into contact with them for long periods of time,
and halloysite formed after the dissolution of glass. In Urquiza, where
kaolinite predominates, the parent rock is acid plutonic (granite, grano-
diorite). Here, kaolinite is found as plates stacked as worms as in altered
feldspar.
Although halloysite is themain alteration product in all the deposits,
there is a variation in morphology among the different localities. Sphe-
roidal halloysite predominates in the Mamil Choique area (Fig. 4a),
whereas in Meliqueo, Alfa and Buitrera tubular halloysite is found
(Fig. 4b, c and d, respectively).Why spheroidal halloysite forms is amat-
ter of discussion, and different modes of origin have been proposed.
Nagasawa (1978); Tomura et al. (1985); Quantin et al. (1988), Bailey
(1989), Adamo et al. (2001); Singer et al. (2004); Churchman and
Lowe (2012) considered that spheroidal halloysite comes from a fast
dissolution of volcanic glass that results in a supersaturated solution
which favors the formation of this particular shape. Also, it can be textur-
ally constrained as in pumice cavities (Adamo et al., 2001). The origin of
spheroidal halloysite from the transformation of allophane has been pro-
posed by different authors. Askenasy et al. (1973) associated spheroidal
halloysite with allophane interlayers that can be preserved in soils be-
cause the crystalline exterior layers protect it. Nagasawa and Miyazaki
(1976) -, found that spheroidal halloysites, sometimes associated with
short tubes, form by replacement of either volcanic glass or allophane.
Sudo and Yotsumoto (1977) observed a variation in particle shape
with burial depth: allophane aggregates coagulate to form spheroidal
halloysite, downward transformed into tubular crystals. Tazaki (1982)
indicated a transformation of an allophane into spheroidal particles.
Spheroidal halloysite was also related to Fe content. Nagasawa and
Moro (1987); Tazaki (1982); Churchman and Theng (1984); Singer
et al. (2004) noticed that spheroidal forms have higher Fe content than
tubular ones. Such trend is not found in other cases such as those studied
by Soma et al. (1992), Adamo et al. (2001). Even a biogenic origin was
proposed by Tazaki and Asada (2003), who observed that a spheroidal
halloysite is formed by bacterial activities in freshwater and natural sed-
iment systems at room temperature. The transformation of spheroidal
halloysite to tubular halloysite inweathering proﬁles waswell described
by Sudo and Yotsumoto (1977) and Papoulis et al. (2004). The latter
paper also concluded that there is an increase in the substitution of Al
by Fe as the spheroidal halloysite transforms into tubular and platy
forms. Cravero et al. (2012) concluded that in Mamil Choique and
Buitrera deposits, halloysite is formed from the dissolution of volcanic
glass and that the particle morphology depends on the original texture
of the rock; spheroidal halloysite is related to rocks with low porosity,
and tubular particles are related to rocks with open spaces similar to
whatwas foundbyAdamoet al. (2001). Halloysite coming fromdifferent
deposits has low iron content, and there are no differences associated
with different morphologies. Higher iron values are related to the pres-
ence of smectite (Table 1). Smectite, a ferruginous beidellite, is formed
with the iron released from the process that formed the halloysite
(Cravero et al., 2014a). Further investigations might be carried out in
order to establish the relationship of spheroidal and tubular halloysites
when they are coexisting in some parts of the Santiago deposit
(Table 1) and to determine if, although the halloysite formed in the
early Paleocene (this paper), there is still evidence of allophane.
Also, the presence of kaolinite is constrained by the source rock,
since it is formed from the alteration of feldspars of plutonic rocks
(Urquiza).tagonia, Argentina: Some aspects of their formation and applications,
Fig. 1. Geological and geographical setting of the study area (Cravero et al., 2014a).
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Dill et al. (1997) used the ratios SO3 vs. P2O3, Zr vs. TiO2,
TiO2+ Fe2O3 vs. Cr+Nb, and Ba+Sr vs. Ce+Y+La to separate kaolin
deposits of different origins in Peru. They found that S, Ba and Sr are
enriched during hydrothermal alteration,whereas Cr, Nb, Ti and lantha-
nide elements are concentrated mainly during weathering.
Condie et al. (1995) reported that Rb, Zr, Sc, Cr, Co, Hf, Nb, Ta, Y, Th,
U, and REE are concentrated in the upper parts of a weathering proﬁle
developed on a granodiorite. Galán et al. (2007) indicated that variable
amounts of Si, Na, Ca, K, Rb, Cs, Ba, U, and P have been lost from the
weathering proﬁle of granitic rocks in Spain, whereas Al, Fe, Ti, Zr, Th,
Hf, and REE concentrate in the residual kaolin.Fig. 2. Different quarries in
Please cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011It is clear that some elements aremobile nomatter the environment,
such as Si, Na, Ca, K Rb and Cs, Ba and Sr. REE appear to concentrate dur-
ing weathering and remain immobile under hypogene conditions.
Zr vs. TiO2, TiO2 + Fe2O3 vs. Cr + Nb and Ce + Y + La vs. Ba + Sr
plots for the mines studied are shown in Fig. 5. Source rock composi-
tions are also plotted to evaluate the enrichment or depletion of the
elements. There is a clear depletion of Ba+Sr in all thedeposits, as com-
pared to the source rock.
TiO2 and Zr show a tendency to concentrate during the alteration, Zr
and TiO2 contents show a positive linear correlation with the lower
values of both elements in samples from the Buitrera mine due to
their low degree of alteration. Zr concentration ranges between 186Mamil Choique area.
tagonia, Argentina: Some aspects of their formation and applications,
Fig. 3. XRD of the alterated zones showing the samples before and after formamide intercalation.
4 F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxand 1080 ppm. TiO2 + Fe2O3 contents are higher than 1% by weight, in
accordance with the meteoric origin, and Cr + Nb range from 11 to
205 ppm with signiﬁcant differences between samples from Mamil
Choique and Buitrera.
Lantanide behavior is not clear. It is difﬁcult to evaluate its role in
Buitrera since the rocks are poorly altered. Depletion in LREE and en-
richment in HREE have been observed in some samples from Alfa andPlease cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011Meliqueo. The strong Eu anomaly in several samples, mainly in the
Buitrera area, implies that these rocks are from a felsic melt where feld-
spar was removed, or from the partial melting of a rock where the feld-
spar was retained at the source (Rollinson, 1992). Samples that do not
show this strong anomaly come from the alteration of rocks composed
of crystaloclasts of feldspar and plagioclase. When these rocks undergo
an alteration process, Eu is not mobile, so the altered rocks must showtagonia, Argentina: Some aspects of their formation and applications,
Table 1
Chemical analysis of major and minor elements of the studied samples (in %); halloysite/kaolinite % in the whole sample and mineral associations.
Mine/Sample SiO2 Al2O3 Fe2O3 MnO CaO MgO K2O TiO2 P2O5 LOI % Hall Shape Min
Pama1 43.57 29.41 1.36 0.009 0.24 0.30 0.12 0.24 0.93 0.06 23.44 75,12 Spheroidal H-K /Qt Cr, Sm
Pama2 42.61 28.36 1.21 0.007 0.12 0.19 0.08 0.08 1.67 0.04 23.88 72,44 Spheroidal H-K /Qt Cr, Sm
Pama3 40.85 28.65 0.67 0.006 0.12 0.20 0.17 0.24 1.49 0.02 27.23 73,18 Spheroidal H-K /Qt Cr
Pama4 43.61 34.24 0.79 0.009 0.11 0.20 0.12 0.08 1.41 0.05 17.95 87,46 Spheroidal H-K /Qt Cr
Pama5 48.68 32.08 0.50 0.005 0.22 0.26 0.25 0.18 1.19 0.03 15.29 81,94 Spheroidal H-K /Qt Cr
Pama6 47.77 31.70 1.72 0.007 0.24 0.44 0.20 0.20 1.31 0.05 16.45 80,97 Spheroidal H-K /Qt Cr, Sm
Santiago1 47.72 27.25 0.81 0.021 0.25 0.25 0.18 0.16 1.97 b0.01 19.94 69,6 Spheroidal H-K /Qt Cr
Santiago2 40.02 30.13 0.67 0.006 0.17 0.24 0.17 0.06 1.17 0.03 26.87 76,96 Sph/tubular H-K /Qt Cr
Santiago3 40.42 28.80 0.80 0.011 0.21 0.26 0.24 0.08 1.423 0.03 26.34 73,56 Tubular H-K /Qt Cr
Santiago4 41.83 28.97 1.10 0.007 0.27 0.34 0.24 0.11 1.76 0.03 24.07 74 Spheroidal H-K /Qt Cr
Santiago5 39.50 28.94 0.57 0.007 0.21 0.24 0.30 0.17 1.32 0.02 28.61 73,92 Tubular H-K /Qt Cr
Santiago6 41.62 29.93 0.81 0.01 0.25 0.33 0.17 0.08 1.57 b0.01 25.47 76,45 Sph/tubular H-K /Qt Cr
Santiago7 38.56 29.03 0.69 0.008 0.18 0.26 0.24 0.09 1.44 0.04 28.39 74,15 Spheroidal H-K /Qt Cr
Santiago8 38.63 28.87 0.74 0.006 0.19 0.25 0.23 0.08 1.78 0.06 27.95 73,74 Tubular H-K /Qt Cr
Urquiza1 47.45 29.12 3.78 0.013 0.45 0.46 0.22 0.18 0.20 0.07 17.2 H-K/Cr, Fd, Sm
Urquiza2 49.55 30.56 4.27 0.003 0.32 0.38 0.19 0.20 0.17 0.04 14.78 H-K/Cr, Fd, Sm
Rosas 45.98 27.37 0.90 0.006 1.43 0.59 0.17 0.10 0.43 0.05 21.76 H-K-Qtz-Cr-Fd-
San Martín 44.04 32.47 0.74 0.007 0.15 0.19 0.27 0.08 1.46 0.01 20.22 82,94 Spheroidal H-K-Cr-Qtz-
Meliqueo1 44.65 31.54 0.65 0.012 0.18 0.33 0.40 0.35 1.43 0.07 20.45 80,56 Tubular H-K-Qz-Fd-Cr-
Meliqueo2 48.56 26.93 1.70 0.01 0.64 0.85 0.38 0.82 1.25 0.06 18.18 Tubular Qz-Fd-Cr-carb-H-K
Alfa1 43.56 29.63 4.60 0.087 0.85 0.46 0.28 0.20 0.96 0.06 19.91 Tubular H-K/Cr, Fd, Sm
Alfa2 56.55 23.64 1.63 0.075 0.34 0.51 3.02 4.63 1.18 0.06 9.23 Tubular H-K/Cr, Fd, Sm
Alfa3 49.00 27.23 2.95 0.021 0.38 0.32 1.29 2.22 1.247 0.07 15.55 Tubular H-K/Cr, Fd, Sm
Alfa4 48.71 29.60 1.27 0.03 0.25 0.32 1.45 2.29 0.61 0.02 15.29 Tubular H-K/Cr, Fd, Sm
Buitrera1 75.31 13.89 0.67 0.008 0.12 0.13 3.07 3.25 0.14 b0.01 3.95 Tubular Cr-Fd minor Qtz
Buitrera2 76.87 13.36 0.62 0.009 0.08 0.10 3.20 3.49 0.14 0.02 2.52 Tubular Tr-Cr-Fd- Qtz
Buitrera3 74.94 14.48 0.57 0.009 0.10 0.19 2.97 3.31 0.14 0.01 3.65 Tubular Cr-Fd- Qtz
Mine/Sample SiO2 Al2O3 Fe2O3 MnO CaO MgO K2O TiO2 P2O5 LOI Tubular Min
Buitrera4 73.7 17.24 0.68 0.014 0.12 0.12 0.74 0.5 0.19 0.01 7.57 Tubular Cr- Fd - H-K
Buitrera5 68.48 18.39 1.20 0.037 0.14 0.13 0.6 0.37 0.18 b0.01 8.69 Tubular Cr-Fd- Qtz-H-K
Buitrera6 71.81 17.00 1.12 0.044 0.15 0.16 0.73 0.48 0.176 b0.01 8.01 Tubular Cr-Fd- Qtz-H-K
Buitrera7 59.89 15.12 1.40 0.005 0.49 7.23 1.30 0.60 0.07 0.03 14.74 Tubular Qtz-Fd-calc-H-K-Sm
Buitrera8 70.85 16.32 1.16 0.005 0.44 0.31 1.73 1.73 0.054 b0.01 7.40 Tubular Qtz-Fd-H-K
LOI SiO2 Al2O3 TiO2 Fe2O3 K2O CaO V2O5 ZrO2 SO3 ZnO CuO Ga2O3 SrO
Comp Sample 11.77 48.08 37.30 1.37 0.59 0.18 0.16 0.05 0.03 0.03 0.009 0.008 0.007 0.002
5F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxthe same pattern as the fresh rocks. Due to this characteristic, two types
of altered rocks may be recognized in the Mamil Choique and Buitrera
areas (Cravero et al., 2012).
The trace element content and the ratios Zr vs. Ti, Cr + Nb vs.
TiO2 + Fe2O3, and Ce+ Y+ La vs. Ba+ Sr (Fig. 5) of halloysite samples
from Buitrera and Mamil Choique areas do not differ signiﬁcantly. This
suggests that both depositsmight have been formed by the same genet-
ic process. Although some variations were found between Buitrera and
Mamil Choique areas, those are due to differences in the degree of
alteration.
Ti may be released from a primary mineral in the parent rock (bio-
tite, for example) during either hypogenic or supergenic kaolinization.
However, as supergenic alteration seems to be more efﬁcient, the Ti
content in kaolinite has been used to discriminate between the two pro-
cesses (Dill et al., 1997). Because Zr behaves like a geochemically immo-
bile element in superﬁcial conditions, it is also a good indicator of the
degree of weathering of the parent rock. Consequently, kaolin samples
with high Ti and Zr contents point to a superﬁcial environment of
formation (Fig. 5c).
Compared to hypogenic deposits, kaolin deposits of supergenic
origin usually present higher concentration of Nb and Cr
(Cr + Nb N 100 ppm). This is due to the concentration of Nb in Ti-
bearing minerals and to the substitution of Ti in TiO2 and of Fe in goe-
thite by Cr during supergenic kaolinization. On the other hand, as Ti
and Fe tend to concentrate preferentially in supergenic kaolin, the
amount of Ti + Fe present in this type of deposit is usually higher
than 1% by weight (Dill et al., 1997). The Cr + Ni vs. Ti + Fe ratios
presented in Fig. 5a show that the analyzed samples plot between the
values discussed above, that is, they plot within the theoretical ﬁeld
for kaolinites of supergenic origin.Please cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011The low Sr and Ba concentrations (Sr + Ba between 13 and
975 ppm) are related to deposits of supergenic origin (Dill et al.,
1997). Ce + La + Y contents in the analyzed samples are variable,
reaching up to 500 ppm in theMeliqueomine (Fig. 5b). Then, consider-
ing the trace-element geochemistry, the wide range and the high con-
tents of Ce + Y + La and Nb + Cr, the latter especially in the Buitrera
mine, are interpreted as the result of supergenic origin in all thedeposits
studied.
The stable isotope composition of kaolinites may also help to under-
stand their origin, provided that themineral retains the isotopic compo-
sition attained during the formation process (Savin and Lee, 1988;
Shepard and Gilg, 1996).
The O and H stable isotope composition of three samples, two
halloysites and one kaolinite, is shown in Fig. 6. δ18O and δD values
range from+18.3 to+19.8‰ and from−70 to−93.5‰, respectively.
Both δ18O and δD values are similar to those reported by Cravero et al.
(1991) in kaolinites from deposits of residual origin in the Santa Cruz
and Chubut provinces (δ18O from +16.5 to +18.8 ‰ and δD from
−57.5 to−86.5‰). These results are clearly different to those reported
byMarﬁl et al. (2005, 2010) and Grecco et al. (2012, 2014) for kaolins of
hydrothermal origin.
According to Savin and Lee (1988), the isotopic composition of kao-
linitemay reﬂect the geologic conditions during its formation, provided
the mineral did not undergo isotopic changes after its deposition. Thus,
the oxygen isotope composition in kaolinites of sedimentary origin usu-
ally varies from+19 to+23‰, and kaolinite from residual deposits has
a δ18O between +15 and +19 ‰ (Murray and Janssen, 1984); these
values are compatible with a meteoric origin at temperatures between
20 and 25 °C. Therefore, the δ18O values of the analyzed samples allow
us to conﬁrm that halloysite deposits were formed under superﬁcialtagonia, Argentina: Some aspects of their formation and applications,
Fig. 4. SEM photomicrography. a. spheroidal halloysite ofMamil Choique area. b, c, d. tubular halloysite inMeliqueo, Alfa and Buitrera respectively. Figures a and b are taken from Cravero
et al. (2012).
6 F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxconditions in a warm climate. Global warm and humid climatic condi-
tions (see Le Roux, 2012a, 2012b for a review) have been suggested
for the early Paleogene, indicating that the alteration should have
proceeded no longer after the volcanic event that produced the pyro-
clastic rocks of Huitrera Formation (Eocene age), when most of the
deposits were formed.3.2. Industrial applications
The only active mine at present is Pama. The mined mineral is used
to manufacture a product known as Duoprotect, which acts as a sun-
screen when sprayed on fruit. It was also used in the ceramic industry
to enhance slurry viscosity (only 6% was added).
The mined (Comp Sample) mineral has been tested for different
purposes. It is composed of halloysite, and minor quartz, cristobalite
and smectite (determined as ferruginous beidellite by Cravero et al.
(2014a)).
Because of its nanometer size, halloysite has been modiﬁed by
means of different organic compounds to obtain a nanocomposite to
be used in different industries. Zacur et al. (2011) used a samplewith al-
most 100% tubes and mixed it with PLA (polylactic acid). They found
that halloysite produces the nucleation of PLA crystals.
Fernández (2012), Fernández et al. (2012) demonstrated the success
in using modiﬁed clays in the synthesis of controlled release fertilizers
(CRF) by controlling water solubility of the fertilizer. Distinctive coating
and occlusion technologies, in which urea was coated with nanocom-
posite materials, were applied. In the synthesis of the nanocomposite,
a modiﬁed Comp Sample and a bentonite were the inorganic fraction
that granted varyingdegrees of hydrophobicity. All the formulated coat-
ings allowed a more slowly discharge than that of the natural fertilizer
urea.Please cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011Retention of emulsiﬁed oil in water was investigated using a modi-
ﬁed Comp” Sample (hydrophobic) with three different technologies:
contact batch (Fernández et al., 2009a), dynamic membranes and
packed columns (Ontivero et al., 2010). High percentages of emulsiﬁed
hydrocarbon removal (above 96%) were obtained in all cases.
Fernández et al. (2015) published the procedure to modify the Comp
Sample by immobilization of ligands containing vinyl (C_C) groups
by covalent grafting with surface silanol groups. The results indicated
that the vinyl groups grafted at the mineral edges changed the hydro-
philic nature of the clay mineral into hydrophobic. The vinyl group
was chosen due to its great afﬁnity for hydrocarbons.
Fernández and Gamboa (2015) chemically modiﬁed the Comp Sam-
ple by silanization to impart distinctive interface electrical properties,
and tested it as adsorbent of the A6 Petrostep surfactant used in en-
hanced oil recovery techniques by injection of chemicals. The selected
silane permitted the covalent binding of a diamino group to the surface
of the material, making the resulting material amphoteric. Sedimenta-
tion and adsorption tests indicated the potential of the modiﬁed mate-
rial to carry out the sought removal.
Adsorption with activated carbon is one of the techniques most
widely used worldwide for the treatment of water, with the disadvan-
tage of its high cost. Waters from industries such as mining, metal coat-
ings and others are contaminated with various metals. In order of
importance in terms of abundance, they are salts of lead, zinc, mercury,
silver, nickel, cadmium and arsenic, being very toxic to terrestrial and
aquatic ﬂora and fauna.
A new study focused on the use of halloysite in the extraction of
heavy metals. Yavuz et al. (2003) studied the removal of copper
(Cu++), nickel (Ni+), cobalt (Co++) and manganese (Mn++) from
aqueous solutions using a natural kaolinite as adsorbent. The results in-
dicated that kaolinite has afﬁnity to adsorb thesemetals in the following
order: Cu++ N Ni++ N Co++ NMn++. Adebowale et al. (2005) showedtagonia, Argentina: Some aspects of their formation and applications,
Fig. 5.Data plot from the studiedmines (Dill et al., 1997). a. (TiO2+ Fe2O3) vs. (Cr.+ Nb).
b. (Ba + Sr) vs. (Ce + Y + La). c. Zr vs. TiO2.
Fig. 6. δ 18O and δD values in halloysite/kaolinite from Buitrera and Mamil Choique are
compared with those of kaolin deposits from Patagonia studied in previous works.
Fig. 7. Electrical properties of Comp Sample and CompSample-APS”.
7F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxthat the modiﬁcation of kaolin with sulfate and phosphate anions im-
proves the adsorption of lead (Pb++), cadmium (Cd++), zinc (Zn++)
and copper (Cu++). Suraj et al. (1998) reported that kaolinite modiﬁed
by heat treatment and subsequent acid activation (thermoacid treat-
ment) can be used for the retention of cadmium (Cd++) and copper
(Cu++). Cu++ retention increased signiﬁcantly in the activated kaolin-
ite sample.
Although there are several methods of modiﬁcation, silanization, a
well-known strategy for oxides (Yoshida et al., 2001; Fernández et al.,
2009b) is being increasingly applied to clay minerals (Sayılkan et al.,
2004; He et al., 2005; Shen et al., 2007; Ferreira Guimaraes et al.,
2009). The success of silanization depends on the structure of the select-
ed mineral, the functionality of the silane component, and the route to
synthesis of the reaction.
3.2.1. Halloysite modiﬁcation
In this work, the Comp Sample was modiﬁed by silanization
without any pretreatment covalently linking the component 3-
aminopropyltrimethoxysilane (APS). Since the amino group of the APS
forms complexes with heavy metals (Fernández et al., 2010; Parolo
et al., 2013), halloysite was tested for the removal of Ag+ ions from
aqueous solution. For this experiment, a 500 mL capacity reactor was
heated by an oil bath and agitated by an electronic magnetic stirrerPlease cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011with heat(Velp Scientiﬁca). A proper amount of clay was loaded into
the reactor, the temperature was slowly raised to the desired value,
and then the silanization agent was added. The silanization reaction
with APS was carried out using ethanol/water as solvent solution. Reac-
tion time was 6 h. The reaction temperature was kept constant below
the boiling point of the solvent with a Velp controller. The cooling
water temperature in the condenser was controlled by a Polystat circu-
lating bath (Cole-Parmer), maintaining a constant temperature of 80 °C
during the reaction, in order to reﬂux the evaporated solvent, but
allowing the elimination of methanol (by-product of the reaction).
Clay was washed three times with fresh solvent. During each of these
stages the solid was stirred for 5 h, allowing it to settle, and then the su-
pernatant ﬂuidwas separated. The drying operationwas conducted in a
rotoevaporator. Therewas an important change in the electrical proper-
ties caused by the surface anchoring of APS (Fig. 7). The Comp” Sample
presented negative potential in all the pH range studied, while the
Comp Sample-APS exhibits an amphoteric behavior. At low pH, the
amino group was protonated, resulting in a positive potential. At higher
pH themodiﬁed sample took a negative potential lower than that of the
natural sample. This behavior seems to indicate that the surface coating
with APS was not complete. At high pH values, themodiﬁed sample be-
haved like the natural one but with fewer exposed hydroxyl groups,tagonia, Argentina: Some aspects of their formation and applications,
Fig. 9. Infrared (IR) of raw andmodiﬁed halloysite Comp Sample and Comp Sample-APS”.
8 F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxsince a certain fraction of them was shielded by silane. The Comp
Sample-APS presented an isoelectric point at pH≈ 9.2. (See Fig. 7.)
3.2.1.1. Structural Characterization. By grafting silane onto halloysite, the
nonexpansion of the mineral layers was demonstrated by X-ray diffrac-
tion. The XRD patterns of halloysite before and after grafting are shown
in Fig. 8. The basal spacing was 7.2 Å for the APS sample. The diffraction
patterns show that the interlayer distances of APS-modiﬁed clay sample
remained unchanged, indicating that intercalation of APS into the inter-
layer of halloysite did not occur. This result indicates thatmost of the in-
terlayer inner-surface AlOH groups of halloysite were unavailable for
grafting, since they were blocked by the strong hydrogen bonds be-
tween layers, in agreement with Yuan et al. (2008).
3.2.1.2. FTIR Analysis. When analyzed by IR (Fig. 9), the Comp Sample
presented the characteristic peaks (Madejová and Komadel, 2001).
Compared to the unmodiﬁed Comp Sample, the APS-modiﬁed Comp
Sample (Comp Sample-APS) exhibited some new FTIR peaks, such as
the CH2 stretching around 2939 cm−1 (3020–2939 cm−1), the OCH3
stretching (unhydrolyzed methoxy group) at 2850 cm−1, the deforma-
tion CH2 vibration at 1494 cm−1, the deformation SiCH vibration at
1330 cm−1, the stretching of NH2 at 3300 cm−1, and the deformation
NH2 vibration at 1525 cm−1. All of these observations show the
presence of APS moieties in the modiﬁed clay.
As is known, in water silane is easy to hydrolyze and condense
among silane molecules. After hydrolysis, the conﬁguration of silane
will be changed with polymerization. Because of the presence of the
FTIR peak corresponding to unhydrolyzed methoxy group, the APS
molecules could not hydrolyze thoroughly.
Compared to the spectrum of the “comp” sample, themodiﬁed sam-
ple showed a decrease in the intensity of the OH stretching band (3696
and 3656 cm−1) of the inner-surface AlOH groups. This indicates that
the modiﬁcation was accompanied by the consumption of inner-
surface AlOH, that is, grafting took place between these groups and
the hydrolyzed APS.
The XRD characterization showed that the inner-surface AlOH
groups in the interlayer region were not available for grafting, suggest-
ing that the vastmajority of grafting occurred on the AlOH groups at the
internal wall, or on the AlOH or SiOH groups at the edges or external
surface defects, which are accessible by APS. This proposal is supportedFig. 8. XRD of the raw (Comp Sample) and modiﬁed halloysite (Comp Sample-APS).
Please cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011by the decrease in intensity of the Si-O-Si peak at 1088 and 1025 cm−1
(Fig. 9). In addition, hydrolyzed APS might also have oligomerized or
even polymerized with surface water and the oligomerized APS further
reacted with grafted APS to form a cross-linked network. The network
was formed mainly through covalent bonds, but hydrogen bonding
might have been another way for oligomerized APS to combine with
halloysite or grafted APS. This is supported by the existence of NH2
vibration bands at 3360 and 3300 cm−1, which have been discussed
and proposed as an indication of the formation of hydrogen bonding
(Yuan et al., 2008).3.2.1.3. Thermal analysis of grafted halloysite. To gain more insight into
the grafting process, thermal analyses were used to determine the
amount of silane molecules chemically anchored on the clay edgesFig. 10. a. DTA-TG of raw halloysite (Comp Sample) b. DTA-TG of modiﬁed halloysite
(Comp Sample-APS).
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Table 3
Variation in the concentration of Ag+ as a function of time, ads: adsorption, (qt)=amount
of Ag + retained in the solid per gram of solid, as a function of time, (qt = Ag+ retained
mg/g of a solid) (qe) = equilibrium point.
Sample pH Time
t(min)
Concentration
C(t) Ag+ (mg/L)
Uptake qt
(mg/g)
% ads
Comp pHi = 6 0 50 0.00 0.00
60 48 1.18 4.00
120 47 1.76 6.00
160 46 2.35 8.00
240 44 3.53 12.00
380 44 3.82 13.00
1000 43 4.00 13.60
1440 43 4.12 14.00
2000 43 4.29 14.60
2880 43 4.29 14.60
3500 42 4.71 16.00
pHf = 6 4320 42 4.71 16.00
9F. Cravero et al. / Applied Clay Science xxx (2015) xxx–xxxafter extensivewashing of theunreacted coupling agent. In addition, the
modiﬁed sample was dried at 130 °C in a vacuum oven for 24 h before
the thermal analyses.
Thermogravimetric analysis (TG) was provided as a simple method
to measure the content of silane and physisorbed water, (Shen et al.,
2007). This method is based on the assumption that the dehydration
and dehydroxylation reactions correspond to the two discrete mass
loss steps in TG curves and they do not overlap each other. Silylation
yields were determined by TG. Each sample was heated at 10 °C/min
up to 1000 °C to eliminate all the organosilanes bonded on the surface,
Zubakova et al. (1987). All runs were performed in an O2 atmosphere.
The TG of the Comp Sample is shown in Fig. 10a. The DTA curve of
the “comp” sample displays two peaks at ca. 81.2 and 500.9 °C, assigned
to the loss of physically adsorbed water (2.34%) and the dehydroxyl-
ation of halloysite (11.52%). For the Comp Sample there was a small
mass loss (ca. 0.6%) in the range 200–410 °C attributed to the loss of
organic matter as the natural clay was used as received without any
puriﬁcation or cleaning pretreatment.
Themajormass loss (Loss-D: 10.9%)was resolved in the temperature
range 410–700 °C andwas assigned to the dehydroxylation of structural
AlOH groups of halloysite. Therefore, a greater mass loss than expected
should be attributed to evaporation and/or decomposition of silane.
For the modiﬁed sample, Comp Sample-APS (Fig. 10b) three mass
losses were resolved, corresponding to DTA peaks al 231, 287, 410 and
495 °C. Because the modiﬁed clays were dried in a vacuum oven, it is
noted that the peak corresponding to the loss of physically adsorbed
water disappeared after grafting with APS.
The ﬁrst mass loss (Loss-1) in the range 50–231 °C is attributed to
hydrogen-bonded APS existing in the cross-linking framework. The
hydrogen-bonded APS was much less thermally stable than the cova-
lently bonded APS, and decomposed at a lower temperature. The mass
loss (Loss-2) occurring from 230 to 410 °C, corresponding to the well
resolved DTA peak at 287 °C and the broad DTA peak between 320
and 410 °C, implies that thermal decomposition occurred in several
stages. These stages include decomposition of the APS species grafted
onto SiOH and AlOH groups on edges or the external surface, the
oligomerized APS, and the APS grafted on AlOH groups at the internal
surface of halloysite.
The decomposition of different APS species appears to be a slow and
gradual process and partially overlapped, leading to a complex multi-
stepmass loss, and thus an accurate deﬁnition of the boundary between
different processes could not be achieved, in agreementwith Yuan et al.
(2008).
However, the value of Loss-M (Loss –M=Loss-1+ Loss-2), Table 2,
in the range 50–410 °C of the modiﬁed sample is a simple indication of
the quantity of introduced organics.
The thirdmass loss (Loss-D) over the range 410–700 °C corresponds
to dehydroxylation of the residual structural AlOH groups, including the
inaccessible inner AlOH groups, the inner-surface AlOH in the interlayer
region, and also the unreacted AlOH groups on the inner surface of the
lumen for halloysite nanotubes, (Yuan et al., 2008). This is themain ob-
servation arising from this part of the TG curves. It is noted (Table 2)
that the mass loss for the modiﬁed sample was greater than the equiv-
alent mass loss for the unmodiﬁed sample. This indicates that Loss-D
must have included some organic decomposition reactions that extend-
ed beyond 410 °C, in agreement with Yuan et al. (2008).Table 2
Mass losses of raw and modiﬁed halloysite (Comp sample and Comp sample-APS).
Comp sample Comp sample-APS
Loss-1 (%) – 2.15
Loss-2 (%) – 2.14
Loss-M(%) 0.6 4.30
Loss-D(%) 10.9 11.55
Content of loaded APS (%) 4.95
Please cite this article as: Cravero, F., et al., Spheroidal halloysites from Pa
Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2016.01.011The mass quantity of grafted APS, evaluated as the difference be-
tween the weight loss for silylated clays and for unmodiﬁed ones at
700 °C without considering the amount of water adsorbed, was 4.95%.
This result is in good agreement with the content of APTES loaded
onto natural halloysite nanotubes (4.97%) reported by Yuan et al.
(2008). In this work, the raw clay sample was puriﬁed by repeated sed-
imentation processes to remove quartz impurities, followed by drying
at 110 °C for 12 h, grinding and rehydratation under ambient condition
for 48 h.
3.2.2. Adsorption capacity of the natural and modiﬁed halloysite
The adsorption capacity and kinetics of silver ions were investigated
for both natural (Comp Sample) and modiﬁed (Comp Sample-APS)
halloysites, by contacting solutions with an initial concentration
of 50 ppm of Ag+ (Co) at free pH batch, maintaining a dosage of 1.7 (g
solid/L solution). The concentration of Ag+ was monitored by measur-
ing the supernatant using the Volhard Protocol (Domínguez et al.,
2002), which determined the amount adsorbed by mass balance. The
results (Table 3), where the uptake (qt) is deﬁned as the amount of
Ag+ retained in the solid per gram of solid, as a function of time
(qt = Ag+ retained per mg/g of solid), show that the modiﬁed sample
tripled the adsorption capacity of Ag+, reaching a maximum uptake at
the equilibrium point 15.20 mg/g (qe) against 4.71mg/g for the natural
specimen. Fernández et al. (2010)modiﬁed a bentonitewith APS by the
same chemical route. By keeping the parameters of dosage of modiﬁed
clay and concentration of Ag + in the contact solution, the adsorption
capacity was 10 pm mg/g (qe). This increase against the modiﬁed
halloysite is explained by an increase in the performance of silanization
(7.4%).
For the silanized sample, the increase in retention can be explained
considering that the ion exchange mechanism was enforced by the
formation of a complex between the silver ion and the amino group of
silane, with no electrostatic attraction because of the positive Zeta
potential in the pH tested (Fig. 7).
3.2.3. Ceramic properties
In the ceramic industry, the presence of ferruginous beidellite in the
clay is not desired because it produces a higher contraction (Table 4).Comp + APS pHi = 6.3 0 50 0.00 0.00
60 35 9.00 30.60
120 27 13.71 46.60
160 27 13.82 47.00
240 26 14.12 48.00
380 26 14.24 48.40
1000 26 14.35 48.80
1440 25 14.71 50.00
2000 25 15.00 51.00
2880 24 15.29 52.00
3500 24 15.29 52.00
pHf = 6.7 4320 24 15.29 52.00
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Table 4
Modal diameter, CEC, brightness, contraction, resistance, pyrometric cone equivalent
(PCE) and linear thermal dilatation tested on “comp” sample.
Modal diameter (μm) 0.99
CEC 13.4 meq/100 g
Brightness 72%
Contraction (1230 °C) 14%
Resistance (kg/cm2)
Green 3
Dry 11
Fired 35
Pyrometric cone
equivalent (PCE)
33 (1741 °C)
Linear thermal
dilatation On heating
Temp./°C (dL/Lo) % Interval
T(°C)
α
(°C −1 10−8)
30 0.00 30–100 2.05
100 0.02 100–200 −0.23
200 0.02 200–300 6.06
300 0.08 300–400 2.60
400 0.10 400–500 −12.18
500 −0.02 500–600 −125.6
600 −1.27 600–700 −50.02
700 −1.78 700–800 −39.53
800 −2.17 800–900 −51.79
900 −2.69 900–1000 −373.86
1000 −6.43 −62.00
1100 −7.05 1100–1200 −313.21
1200 −10.18 1200–1300 9.80
1300 −10.08
1400 −9.99
1500 −9.88
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ular “patches” from few cm to 1m. The only possibility to remove it is by
hand selection. Titanium oxide is another undesired component that is
probably the main cause of the not very high whiteness (about 80%).
In the samples (Table 1) from different parts of the deposit, TiO2 varies
between 0.93 and 1.97. Cravero et al. (2014b) analyzed the provenance
of this titanium and concluded that it is present as ﬁne to very ﬁne
grained anatase, and that some TiO2 occurs in between kaolinite layers,
but it is not found in halloysite spheroids. This feature opens the way to
test a mechanical method to extract the undesired titanium, thus en-
hancing the brightness.
Therefore, to obtain a good ceramic product, hand selection, to
guarantee the purest material, followed by a mechanical treatment to
get rid of titanium should be used.
4. Conclusions
• In the study area, western Patagonia, the processes that have altered
rocks from Permian to Eocene occurred during the early Paleogene
in a warm, humid climate.
• Halloysite predominates in volcanic-pyroclastic parent rocks,whereas
kaolinite is found as an alteration product in plutonic rocks.
• The modiﬁcation of the studied spheroidal halloysite seems to be
similar to that performed on tubular halloysites reported elsewhere.
• Chemicalmodiﬁcation of theminedmineral has given good results for
petroleum and Ag removal from contaminated waters.
• The use of this mineral in the ceramic industry is constrained by the
presence of iron smectite and titanium oxides. Only hand selection
and mechanical treatment can guarantee a good product.
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